We report the structural basis for the modulation of an ATP-sensitive ribozyme that was engineered by modular rational design. This allosteric ribozyme is composed of two independently functioning domains, one a receptor for ATP and the other a self-cleaving ribozyme. When fused in the appropriate fashion, the conjoined aptamer-ribozyme construct functions as an allosteric ribozyme that is inhibited in the presence of ATP. The aptamer domain remains conformationally heterogeneous in the absence of ATP, but folds into a distinct structure upon ligand binding. This ATP-induced conformational change causes a reduction in catalytic activity of the adjacent ribozyme domain due to steric interference between the aptamer and ribozyme tertiary structures. This mechanism for structural and functional modulation of nucleic acids is one of several possible mechanisms by which the function of ribozymes could be specifically controlled by small effector molecules.
INTRODUCTION
Many examples of allosteric behavior with protein enzymes have been reported in the years that followed the initial descriptions of this regulatory process by Monod and co-workers (1, 2) . Allosteric enzymes can exist as single subunit or multisubunit proteins that respond either positively or negatively to the presence of allosteric effector molecules. These effector molecules can be substrates, reaction products or metabolites that are entirely unrelated to the enzymatic function of the protein (3, 4) . Allosteric regulation of enzyme function operates by mechanisms that are fundamentally different from that of inhibitors that block the active sites of enzymes. A true allosteric effector binds to a site located apart from the active site and its influence on the activity of the enzyme is brought about by changes in protein conformation.
It is known that the catalytic activity of ribozymes can also be modulated by certain antibiotic compounds (5) (6) (7) (8) and nucleobases (9) by directly binding to the catalytic domain of the ribozyme. Moreover, oligonucleotide binding and alternative base pairing interactions can contribute to the control of ribozymes, such as the self-cleaving hammerhead RNA (10, 11) . These studies with catalytic RNA provide support for the notion that the function of ribozymes might also be brought under the control of various small organic effector molecules through allosteric interactions. Recently, we used a modular rational design strategy to create an artificial ribozyme that is specifically deactivated in the presence of ATP (12) . This ATP-sensitive ribozyme was created by fusing a pre-existing ATP-binding aptamer (13) to a hammerhead self-cleaving ribozyme (14) . Like allosteric protein enzymes, this modified ribozyme binds an effector molecule at a site that is distal to the active site of the enzyme. Molecular modeling of the conjoined aptamer-ribozyme construct indicates that, when the two structural domains are fused in the appropriate fashion, ATP induces a conformational change in the aptamer domain that precludes formation of the active ribozyme structure. In this study, we provide a more detailed examination of the structural basis for allosteric modulation of this ATP-sensitive allosteric ribozyme.
MATERIALS AND METHODS

RNA and DNA molecules
DNA molecules and the 14 nt RNA substrate were synthesized (solid phase) by the Keck Biotechnology Resource Laboratory, Yale University, and were prepared as described previously (12) . The 18 nt substrate RNA was synthesized and prepared by Ribozyme Pharmaceuticals Inc. Each conjoined aptamer-ribozyme construct was prepared by in vitro transcription (12) from double-stranded DNA templates that were produced by extending the DNA primer 5′-d(TAATACGACTCACTATAG) on the corresponding antisense DNA template using reverse transcriptase (RT). RT extension reactions (64 µl) contained 240 pmol primer, 200 pmol template, 0.2 mM each dNTP and 10 U/µl SuperScript RT (BRL). Extension reactions were incubated at 37_C for 30 min in the buffer supplied by the manufacturer. When needed, RNA constructs were radiolabeled by introducing [α-32 P]UTP into the in vitro transcription reaction. Synthetic RNA substrates were end-labeled with [γ-32 P]ATP and T4 polynucleotide kinase.
Tris-HCl at 23_C for 15 min prior to initiation of each reaction by addition of MgCl 2 (20 mM final concentration). Reaction products were separated by denaturing (8 M urea) 20% PAGE and visualized and quantitated using a PhosphorImager and ImageQuant software (Molecular Dynamics). Product yields were corrected for the amount of substrate that remained uncleaved after exhaustive incubation with an unmodified hammerhead ribozyme (12) . Rate constants were derived by plotting the natural log of the fraction of substrate remaining versus time and establishing the negative slope of the resulting line. The values for each rate constant or activity ratio reported are an average of a minimum of two replicate assays, with each replicate differing by <50%.
Binding assays
RNA binding assays were conducted with agarose beads (4%) that were derivatized with either 5′-AMP or 2′-AMP via an 8 atom linker attached to the C8 carbon of adenine (Sigma). Beads (30 µl 30 mg/ml aqueous suspension, 1-5 nmol ligand/µl) were washed with a binding buffer composed of 50 mM Tris-HCl (pH 7.5 at 23_C) and 20 mM MgCl 2 by repeatedly resuspending beads in binding buffer, centrifuging the mixture and removing the supernatant. Internally 32 P-labeled aptamer-ribozyme fragments (1-10 pmol) were individually added in the absence of substrate to the binding buffer/agarose bead suspension and allowed to incubate at 23_C for 30 min. Fraction bound values for each construct were derived from the measurements of the specific activities of the agarose bead suspension and of the supernatant after pelleting the beads by centrifugation. Radioactivity was quantified by liquid scintillation counting.
Examination of the simultaneous binding of ribozyme and 14 nt substrate RNAs utilized 5′-AMP-agarose resin that was prepared in an identical manner. Internally 32 P-labeled aptamer-ribozyme construct (6 pmol) was bound to the matrix, washed with 3 × 30 µl binding buffer and resuspended in buffer containing 2 pmol unlabeled substrate RNA. Initial binding and subsequent retention of the labeled construct were assessed by determining the specific activities of the suspension and the supernatant upon centrifugation. Alternatively, unlabeled construct (6 pmol) was bound to the matrix, washed and resuspended in binding buffer containing 2 pmol 5′-32 P-labeled substrate. Binding of substrate RNA was also assessed by determining the specific activities of the suspension and the supernatant upon centrifugation. Elution of the constructs was achieved by addition of ATP at 1 mM final concentration.
Molecular modeling
Molecular models were produced on a Silicon Graphics workstation using MidasPlus (15) (Computer Graphics Laboratory, University of California, San Francisco). The structure of the hammerhead ribozyme (19) was modified such that stem I includes an additional 3 bp. For this purpose, the least squares fit method was used to superimpose a generic A-form RNA duplex (6 bp) upon stem I by overlapping the four phosphates intervening the terminal 3 bp of each element. One terminal base pair of the ribozyme and two terminal base pairs of the RNA duplex were deleted to generate a model with an extended A-form stem I. Using this same technique, the structure for the ATP aptamer that was derived by NMR (17) was superimposed on stem II of the modified hammerhead structure to generate the model for the construct IV-up. A model for the construct IV-down was generated by exchanging the connectivity of the two stems of the ATP aptamer.
RESULTS AND DISCUSSION
A minimal allosteric ribozyme construct
The secondary structure of the hammerhead ribozyme consists of a three stem junction (14) that for this study has been divided into separate substrate and ribozyme strands (Fig. 1a) . Stems I and III are formed from the ribozyme-substrate complex, while stem II is entirely contained within the catalytic strand. In its original manifestation (12) , the ATP-sensitive allosteric ribozyme was composed of a hammerhead ribozyme domain, the ATP-binding aptamer domain that was appended to stem II of the ribozyme and two hairpin domains that were used in a related study (18) to facilitate amplification by RT-PCR. This 80 nt RNA and several variant constructs display ATP-specific inhibition of the rate of RNA cleavage that equals or in some examples exceeds 100-fold (12, 18) .
For the current study we synthesized a similar construct, termed IV-up, wherein the extraneous hairpin domains were eliminated (Fig. 1a) . This minimized 59 nt construct retains sensitivity to the effector and operates with a k obs of 0.20 or 0.011/min in the absence or presence of 1 mM ATP, respectively (Fig. 2) . Although the presence of the hairpin domains in the original construct contributed 5-10-fold towards ATP-induced inactivation of the engineered ribozyme, the results obtained with the minimized construct IV-up confirm that the structures responsible for the allosteric response are largely confined to the aptamer and ribozyme domains. The inhibition constant (K i ) for ATP with the IV-up construct is ∼2 µM (data not shown), a value that is similar to the K i derived from data reported previously for a larger version of this same engineered ribozyme (12) . These K i values closely approximate the K d for ATP and the independent aptamer domain (13) , suggesting that no significant reciprocal effect of hammerhead structure on ATP affinity is present. This is not surprising if the stability of the properly folded ATP aptamer far exceeds the stability of the active hammerhead configuration. In this case, the corresponding effect of the hammerhead structure on ATP binding affinity of the adjacent aptamer would be negligible.
A structural model for an allosteric ribozyme
A reorganized secondary structure model for the conjoined aptamer-hammerhead construct is depicted in Figure 1b . This model incorporates information obtained from the X-ray (19, (16) (17) (18) (19) (20) (21) and FRET (22) analyses of the hammerhead tertiary structure. The three helices of the hammerhead ribozyme adopt a Y-shaped conformation. The two Watson-Crick base pairing elements that form stems I and II originate in the same horizontal plane relative to the catalytic core (Fig. 1b) and their helices propagate roughly parallel to each other in the active ribozyme conformation (22) (23) (24) . For our original design efforts (12), we took advantage of the fact that stem II stability (25, 26 ) and the precise positioning of stems I and II were critical for maximal catalytic function.
The atomic resolution models of the hammerhead (19, (16) (17) (18) (19) (20) (21) ) and the ATP-binding aptamer (17, 27) are now available. When the structures of these two independently folding domains are joined to represent the allosteric ribozyme IV-up (Fig. 1c) , a mechanism becomes apparent for ATP-induced inhibition of (c) Ribbon model of the three-dimensional structure of the conjoined aptamerribozyme construct. Dark blue identifies the tertiary structure of the hammerhead ribozyme as reported by Scott et al. (19) . Red identifies the tertiary structure of the ATP-binding aptamer as reported by Jiang et al. (17) . Light blue depicts an A-form helix added to the hammerhead model to produce the extended stem I structure used in the constructs for this study. ribozyme function that involves the mutually exclusive formation of aptamer and ribozyme domains. A schematic representation (Fig. 3) of the tertiary structure of the ATP aptamer bound with ligand and fused to a portion of the hammerhead was produced using structural information derived from the three-dimensional models for both RNA components and using parameters for a typical A-form RNA helix (28, 29) . Previously (12), we proposed that ATP-induced allosteric inhibition results from disruption of the active structure of the hammerhead ribozyme upon formation of the ATP-aptamer complex in the adjoined ligand-binding domain. Both models (Figs 1c and 3) indicate that, upon ATP binding, stem IV of the aptamer domain displaces stem I from its location in the active conformation of the hammerhead domain, thereby inhibiting ribozyme function. 
Aptamer structural conformation and interdomain connectivity
Evidence for a significant change in the conformational state of the ATP-binding aptamer is provided by both chemical probing studies (13) and by NMR analysis (17, 27) . It is known that the tertiary structure of the aptamer domain remains heterogeneous in the absence of ATP, but conforms to a single highly ordered tertiary structure upon ligand binding. The two stems (II and IV) of the occupied aptamer form an ∼109_ angle relative to each other, an arrangement that is probably only rarely sampled by the aptamer in the absence of ATP. According to our structural models, IV-up has the appropriate interdomain arrangement to produce a steric clash between stems I and IV upon ATP-induced stem re-alignment. This steric overlap between stems I and IV is ∼20% when ATP is bound. The model for the allosteric function of IV-up predicts that a reorganization of the interdomain connectivity will result in an altered response to ATP. To test this, we synthesized a new construct that retains the necessary sequence composition for the independent function of aptamer and ribozyme domains, but which carries these domains in an altered orientation relative to IV-up (Fig. 4a) . This reorganized construct, termed IV-down, is modeled to form an active aptamer complex in which stem IV projects away from stem I (Fig. 4b) , thereby allowing the two functional domains to operate without interference. As predicted, IV-down remains fully active, both in the absence and presence of ATP, suggesting that proper orientation of the domains is necessary for allosteric function.
ATP binding by these and other constructs was assessed using an agarose matrix derivatized with 5′-AMP. Matrix binding with the minimal aptamer ATP-40-1 (13) was compared with that for all constructs used in this study. We find that ∼64% of a preparation of an ATP-40-1 variant (ATP-40-1*) binds to the agarose matrix that is derivatized with 5′ AMP (Table 1a) . The asterisk identifies this RNA as a variant of the original ATP-binding aptamer described previously (13) . This variant aptamer, which shows improved affinity for ATP, differs from the original aptamer by the replacement of a U-A base pair with a C-G base pair at the end of stem IV nearest to the ATP-binding core. Likewise, both IV-up and IV-down retain the ability to bind ATP, indicating that the loss of allosteric control with IV-down is not due to a loss of effector molecule binding. Without exception, incubation of all RNA samples with an agarose matrix similarly derivatized with the isomeric compound 2′-AMP gave <2% binding, in accordance with the reported ligand specificity of this aptamer.
Allosteric function and the length of stem IV
We have used the structural models depicted in Figures 1c and 3 to predict the catalytic performance of several new ribozyme designs. For example, the length of stem IV should be a critical determinant of the ATP sensitivity of our allosteric constructs. To an extent, longer stem IV elements should produce greater interference between stems IV and I, resulting in more pronounced ribozyme inhibition. Using a variant of IV-up as a starting point, a series of constructs that carry stem IV elements of different lengths was synthesized and tested for ATP-dependent inhibition (Fig. 5a ). Catalytic activity is unresponsive to ATP when stem IV is reduced to 3 nt, while progressively greater ATP sensitivity is seen with increasing stem lengths up to 7 bp (Fig. 5b) . Each construct demonstrates near equal k obs values in the absence of ATP (0.3/min), while maximum ATP-dependent inhibition was observed with a stem IV element composed of 7 bp (k obs 0.021/min).
Although these results are consistent with the proposed mechanism for allosteric function, it is not clear whether the observed variation in ATP sensitivity is due to increased steric interactions between the two domains or whether the effects of stem length are due to possible variability in affinity of the constructs for ATP. Most constructs that carry modified stem IV elements show substantial levels of binding to the 5′-AMP-agarose matrix that are comparable with the minimal ATP aptamer (Table 1b) . However, the fraction of RNA that binds to the 5′-AMP-derivatized matrix is significantly lower for several constructs that carry the shortest stem IV structures. These results highlight the possibility that certain constructs bind the 5′-AMPmodified matrix with a lower affinity or that the RNAs may adopt structures that preclude binding to the derivatized matrix. We can conclude that the length of stem IV is critical for allosteric performance. However, it cannot be concluded from these data alone whether stem IV participates in the proposed mechanism of allosteric function or whether ATP binding is indeed affected by stem length and that another mechanism for ATP-dependent modulation might be utilized.
Allosteric function and the length of stem II
An alternative approach to the examination of the allosteric mechanism makes use of modifications to stem II, the shared stem that bridges the aptamer and ribozyme domains. We have observed that the addition of 3 bp to stem II completely eliminates ATP sensitivity in a related allosteric ribozyme (12) . It is apparent from the structural models that both the addition or removal of base pairs should eliminate allosteric function of the construct if the proposed mechanism for allosteric function is correct. If stem IV is disrupting the formation of the active conformation of the hammerhead ribozyme as shown in Figure 3a , then increasing or decreasing the number of base pairs that form stem II will change the orientation of stem IV relative to stem I in two ways. First, adding or deleting stem II base pairs will raise or lower the ATP-binding domain, respectively, relative to the catalytic domain. Second, and perhaps most importantly, changing the number of base pairs will rotate stem IV around the screw axis formed by stem II (Fig. 3b) .
To investigate the effect of stem II length and sequence on allosteric function, we synthesized two series of constructs in which the aptamer and ribozyme domains are joined by different stem II elements (Fig. 6a) . As described earlier, construct IV-up displays an ∼17-fold rate reduction upon addition of ATP (Figs 2 and 6b, series 1). According to the average rotation angle (ϕ) for an A-form RNA helix, each base pair rotates ∼33_ relative to the preceding base pair (28, 29) . Therefore, each base pair addition or deletion will rotate stem IV ∼33_ counter clockwise or clockwise respectively around the screw axis of stem II (Fig. 3b) . This repositioning of stem IV is expected to reduce or eliminate the steric clash between the competing RNA domains. As predicted, 1 bp insertions or deletions in stem II reduce ATP sensitivity, while larger changes to its length completely eliminate allosteric function.
The same pattern of allosteric modulation observed with series 1 RNA constructs is also observed when stem II elements of different sequence are used (Fig. 6b, series 2) . This finding confirms that the number of base pairs present in stem II is a critical determinant of allosteric function. However, it is also apparent that the specific sequence of the stem contributes to the precise level of allosteric performance. It is well established that individual base pairs contribute differently to the helical twist of base-paired structures (29) . Therefore, both the insertion or deletion of base pairs and the alteration of base pair identities are expected to produce changes in orientation of stem IV around the screw axis of stem II.
The initial base pairs of stems I and II nearest the catalytic core lie on the same plane (Fig. 1b) . As a result, the difference in the distance between the distal ends of these stems will lie between 0 and 2.8n Å, where n is the difference in the number of base pairs between stems I and II. With IV-up, for example, the terminal base pairs of stem I that reside furthest from the catalytic core are expected to lie immediately adjacent to the core of the aptamer domain (Fig. 1b and c, Fig. 3 ). This may not be true, however, for the constructs that include 6 or 7 nt in stem II (Fig. 6a) , where the aptamer domain may lie beyond the terminal nucleotides of stem I. With these constructs, the loss of ATP sensitivity could conceivably be due to the increase in the length of stem II, rather than rotational repositioning of stem IV.
To separate the effects of length versus rotational changes, we synthesized and assayed a construct that includes a stem I structure composed of 12 bp, as opposed to the original eight (Fig. 1a) . The use of this revised stem I domain ensures that the appended aptamer domain will not extend beyond the terminus of stem I. In this new format, we find that an aptamer-ribozyme construct that carries 6 bp in stem II also displays no inhibition with ATP (data not shown), consistent with the hypothesis that the loss of ATP-dependent inhibition is due to rotational rather than translational repositioning of stem IV. The results obtained from examination of constructs carrying modified stem II elements further support the proposed mechanism for allosteric function, wherein precise positioning of stem IV is critical for allosteric performance.
With one exception, all constructs display catalytic rate constants in the absence of ATP that range between 0.2 and 0.6/min. The construct that carries the shortest stem II element (2 nt) suffers a 10-fold reduction in rate (k obs 0.020/min), likely due to the effect of this weakened stem on the catalytic structure of the adjoining ribozyme (data not shown). When assayed for ATP-binding ability, this same construct demonstrates poor binding to the 5′-AMP-agarose matrix (Table 1b) , raising doubt as to the ability of this construct to bind ATP in solution. Although this particular construct may not respond to ATP due to the disruption of the aptamer domain, all other constructs show some affinity for the immobilized ligand. Therefore, loss of ATP binding potential alone cannot explain the observed loss of allosteric control with the remaining variants. Interestingly, although a stem II length of four is optimal for allosteric inhibition of IV-up, we find that a related construct binds poorly to the agarose matrix, indicating that the column binding assay may not be a perfect reflection of effector binding in the solution phase.
Using a similar approach, we examined the ATP sensitivity of IV-down variants that also carry stem II modifications. We speculated that the aptamer orientation of IV-down (Fig. 4) might be repositioned to re-establish ATP-dependent inhibition simply by introducing additional base pairs into stem II in order to rotate stem IV around the screw axis of the bridging stem. To investigate this possibility, a series of stem II variants based on the IV-down construct were synthesized and assayed in the presence and absence of ATP. The parent IV-down construct was modified to include 12 bp in stem I and 8 bp in stem IV. The extensions added to stems I and IV were intended to offset the effects of the inherent rise in the aptamer domain relative to the ribozyme core (stem I) and to project the interfering helix farther towards the ribozyme domain (stem IV). The latter modification is expected to be particularly important because as steric interference occurs farther away from the catalytic core of the ribozyme, greater displacement of stem I is necessary to create a comparable disruption of the catalytic core and its function.
Modified IV-down constructs that carry stem II elements composed of 8, 9 or 10 bp were surveyed for evidence of ATP-dependent inhibition. Based on the average ϕ value of 33_ for an RNA helix, these stem II lengths are expected to cause the repositioning of stem IV back towards stem I. Unfortunately, we observed no ATP sensitivity with these new constructs (data not shown). It is possible that subtle variations in RNA structural conformation, of particular concern in the newly enlarged RNA elements of IV-down variants, cause significant errors to be made in predicting the precise positioning of important structural elements. Therefore, the lack of responsiveness to ATP with these constructs may be due to the inherent limitations of the modular rational design process.
The ATP effector binds the enzyme-substrate complex
Inhibition of this class of allosteric ribozymes by ATP requires a functional aptamer domain. This was concluded from the observation that ATP-dependent inhibition is observed only at concentrations above the K d for the aptamer-ligand complex and that single mutations within the aptamer that eliminate ATP binding also eliminate the allosteric response (12) . According to the proposed mechanism, the ATP-aptamer complex interferes with formation of the active enzyme-substrate (E-S) complex. ATP binding is not expected to interfere with the early steps of the ribozyme kinetic pathway, including the binding of substrate to form a pre-catalytic E-S complex.
We examined the nature of the inhibited allosteric complex using both unlabeled and radiolabeled portions of a variant of the IV-up construct. The conjoined aptamer-ribozyme portion of this construct binds and is retained by a matrix derivatized with 5′-AMP, both in the presence and absence of substrate RNA. This demonstrates that formation of the aptamer-ligand complex is not disrupted by substrate. Moreover, substrate molecules do not bind 5′-AMP-agarose unless the matrix has been pretreated with the aptamer-ribozyme fragment. In each case, the addition of free ATP to the matrix induces the release of the aptamer-ribozyme and substrate molecules (data not shown). These results indicate that effector binding does not preclude formation of the E-S complex and are consistent with a mechanism for allosteric function that involves formation of an inactive ATP . E-S complex where ATP is properly docked into the aptamer domain.
Allosteric interactions in proteins and nucleic acids
Many allosteric proteins are composed of subunits and the allosteric effects are mediated through assembly or rearrangement of the protein complex. The original models developed to describe allosteric interactions focus on this general mechanism of enzyme control (30, 31) . However, it is clear that allosteric behavior can be mediated through effector-triggered restructuring of a single polypeptide or nucleic acid chain. For example, allosteric regulation of DNA binding by the trp repressor protein involves tertiary structure changes, triggered by tryptophan binding, that do not result in changes in the quaternary structure of this dimeric protein complex (4, 32) . Likewise, the class of ATP-sensitive allosteric ribozymes described in this report also appear to undergo tertiary structure rearrangement upon allosteric modulation.
The tertiary structure change to the trp repressor protein complex brought about by effector binding induces a 200-fold increase in DNA-binding affinity (33) . This allosteric effect is similar in magnitude to the 180-fold decrease in the catalytic activity of our most sensitive allosteric ribozyme (12) . It has been suggested that the widespread use of quaternary changes for allosteric protein regulation is due to the ease of bringing about structural changes between separate peptides as opposed to inducing structural changes within the domains of a single polypeptide chain (4) . In each case, the key requirement for efficient operation of these molecular switches is that the thermodynamic and kinetic parameters must be favorable for switch activation and for maximization of the 'on' and 'off' states of the function of interest. For allosteric inhibition, the active ribozyme structure needs to be favored in the absence of effector, while the active structure must be precluded by a more favorable alternative effector-RNA complex. The speed of interconversion between states and the extent to which function is modulated will be dependent upon various and sometimes subtle kinetic and thermodynamic parameters. Perhaps, a greater on/off ratio can be achieved more easily by inducing changes in the quaternary structures of proteins, which may explain why this general mechanism occurs frequently among natural allosteric enzymes. Similar mechanisms for quaternary structure reconfiguration for allosteric nucleic acids can also be envisioned.
CONCLUSIONS
RNAs whose function can be triggered by the binding of proteins are already known to exist in nature, where functional modulation likely serves important roles in cellular operations. In this report, we describe a unique mechanism whereby an aptamer-ribozyme hybrid functions with true allosteric behavior as originally defined by Monod and co-workers (1,2). Molecular modeling using the three-dimensional structures of the ATP-bound aptamer domain joined with the ribozyme domain reveals a spatial overlap between two hairpin structural elements, suggesting that steric interference between the two domains may inhibit ribozyme function. Biochemical data are consistent with this proposed mechanism, which involves the mutually exclusive formation of aptamer and ribozyme domains. This 'helix bumping' mechanism is only one of a number of different molecular mechanisms that could act to sense and respond to small effector molecules.
The studies reported herein represent our early attempts to introduce novel kinetic features into existing functional polynucleotides and to further develop a basis for engineering additional allosteric ribozymes. Similar molecular modeling exercises could be used to provide a conceptual framework for constructing new allosteric ribozymes with various effector specificities and catalytic activities, assuming that sufficient structural data for the component modules already exists. Ribozyme engineering techniques could be employed in a general fashion to add complexity to the existing set of ribozyme functions. By generating additional examples of allosteric ribozymes, we expect to identify and establish new mechanisms by which separate RNA domains can interact in a dynamic fashion. Already, we have demonstrated that similar aptamer-hammerhead constructs can be engineered to undergo ATP-dependent allosteric enhancement, presumably by a mechanism that involves stabilization of an RNA helix (12) . In addition, we have used this same mechanism to create a hammerhead ribozyme that undergoes allosteric activation by several organic compounds, including flavine mononucleotide and theophylline (G. A. Soukup and R. R. Breaker, unpublished data). When fully developed, ligand-induced stabilization of localized structures may have greater utility for allosteric ribozyme engineering than is offered by the helix bumping mechanism described in this report.
Nucleic acids have considerable potential for catalytic activity and for receptor-ligand formation. It is now apparent that these two functions can be coupled to create new allosteric ribozymes or even deoxyribozymes that are regulated by small effector molecules. With these design strategies, it is possible to assess whether enzymes made of RNA and DNA could participate in more complicated catalytic networks, in which allosteric effects might provide tight regulation of ribozyme kinetic parameters. Recent growth in the understanding and manipulation of nucleic acids (34) (35) (36) will undoubtedly foster additional and more sophisticated attempts to create catalytic polynucleotides with desirable kinetic features, perhaps for use as controllable therapeutic enzymes or for industrial applications. We expect that both modular rational design and in vitro selection (37-39) will be generally applicable for the construction of novel allosteric ribozymes and deoxyribozymes (40, 41) . Further developments in our understanding of aptamer and ribozyme function promise to make routine the purposeful introduction of effector-induced catalytic control into nucleic acid catalysts for the construction of novel allosteric ribozymes.
